Background and purpose: The acute vascular inflammatory dysfunction associated with endotoxaemia may reflect an imbalance between matrix metalloproteinases (MMPs) and their natural inhibitors (TIMPs), induced by the endotoxin. This possibility was tested in rat aortic tissue. Experimental approaches: Tone induced by phenylephrine in aortic rings was measured after exposure in vitro to ambient lipopolysaccharide (LPS) or the proinflammatory cytokine interleukin-1b (IL-1b) for 6h, with or without MMP inhibitors (doxycycline or GM6001). Gelatinase and MMP activities, TIMP proteins and contractility were measured in aortae taken from rats 6h after receiving LPS in vivo. Key results: Inhibition of MMP prevented the loss of phenylephrine-induced tone in aortic rings after LPS or IL-1b. IL-1b also increased release of MMP-2 activity from aortic tissue. In aortae exposed in vivo to LPS, net gelatinase, MMP-9 activities and TIMP-1 protein levels were increased, whereas TIMP-4 was reduced. These aortae were hypocontractile to both phenylephrine and KCl. Hypocontractility was partially reversed by doxycycline ex vivo. Conclusions and Implications: MMP inhibitors ameliorate vascular hyporeactivity induced by either LPS or IL-1b in vitro. LPS in vivo alters the balance between MMPs and TIMPs, contributing to vascular dysfunction which is partially reversed by MMP inhibitors. Vascular MMPs are activated as a result of LPS or IL-1b-induced stress and contribute to the hyporeactivity of blood vessels to vasoconstrictors.
Introduction
Matrix metalloproteinases (MMPs) are a family of zinc dependent endopeptidases that are key regulators of the extracellular matrix. The gelatinases, MMP-2 and MMP-9, contribute to a wide variety of chronic cardiovascular pathologies including heart failure, atherosclerosis and abdominal aneurysms (reviewed in Galis and Khatri (2002) ; Newby (2005) ). Alterations in the levels of their main endogenous inhibitors, the tissue inhibitors of MMPs (TIMPs), may also play a role in these chronic pathologies.
Recently, MMP-2 has been implicated in a number of acute cardiovascular processes such as myocardial ischemia-reperfusion injury (Cheung et al., 2000; Wang et al., 2002; Schulze et al., 2003; Sawicki et al., 2005) , regulation of normal vascular tone (Fernandez-Patron et al., 1999; Jeyabalan et al., 2003; Chew et al., 2004) , platelet aggregation (Sawicki et al., 1997) , and modulation of the inflammatory response (McQuibban et al., 2000) . As MMPs are involved in inflammation and control of vascular tone, we hypothesized that they may be involved in the vascular alterations that occur in septic shock.
Septic shock is a potentially fatal condition in which a systemic bacterial infection generates an unencumbered inflammatory response. This inflammatory response produces excessive vasodilatation, hyporeactivity to contractile agents, and cardiac dysfunction. It is the chief cause of death and disability in intensive care units (Angus et al., 2001) . A similar response and cardiovascular dysfunction can be provoked by administering endotoxin (lipopolysaccharide, LPS) to animals or human volunteers (Suffredini et al., 1989; Rees et al., 1998) .
In both sepsis and endotoxaemia the initial inflammatory response due to LPS is largely mediated by proinflammatory cytokines (including interleukin-1b (IL-1b) (Hesse et al., 1988) and tumor necrosis factor-a (Tracey et al., 1986 (Tracey et al., , 1987 ) which increase the production of a number of downstream effectors. One effector is peroxynitrite (Beckman and Koppenol, 1996) , the toxic reaction product of nitric oxide (Rees et al., 1990) and superoxide anion (Javesghani et al., 2003) which are produced in excess during severe acute inflammation. Peroxynitrite biosynthesis is enhanced in aortae from LPS-treated rats (Szabo et al., 1995) . Interestingly, both proinflammatory cytokines and peroxynitrite increase MMP activity and decrease TIMP activity in vitro (Frears et al., 1996; Rajagopalan et al., 1996; Okamoto et al., 2001) . Thus, it was speculated that an imbalance between MMPs and TIMPs occurs during acute inflammatory stress.
To date, few investigations have examined the role of MMPs in septic shock or endotoxaemia. LPS was found to increase MMP-2 and MMP-9 activities in experiments using endothelial cells, neutrophils or macrophages (Xie et al., 1994; Pugin et al., 1999; Kim and Koh, 2000) . In both animal and human models of endotoxaemia, circulating MMP-9 activity is increased (Paemen et al., 1997; Pugin et al., 1999; Albert et al., 2003; Lalu et al., 2004) . In sepsis, circulating MMP-2 and MMP-9 are elevated in both animal models and patients (Paemen et al., 1997; Nakamura et al., 1998; Pagenstecher et al., 2000) . Despite these insights no study has investigated the functional role of MMPs in the vascular dysfunction that arises from severe, acute inflammatory stress.
In order to address this issue, we employed three previously established models of vascular inflammatory stress: (a) aortae isolated from normal rats stimulated with ambient LPS, (b) aortae isolated from normal rats stimulated with IL-1b and (c) aortae isolated from rats administered LPS in vivo. Both functional, pharmacological and biochemical approaches were taken to determine changes in vascular contractility and the MMPs and TIMPs in the vessel wall.
Methods
This investigation conforms to the Guide to the Care and Use of Laboratory Animals published by the Canadian Council on Animal Care (revised 1993). Male Sprague Dawley rats (250-300 g) were used in all experiments.
MMP inhibitors
Doxycycline (Sigma, Oakville, Canada) and GM6001 (Chemicon, Temecula, USA), two chemically distinct MMP inhibitors, were used in these studies (Figure 1, structures drawn with ChemSketch 8.17, ACD Labs, Toronto, Canada). Doxycycline is the most potent of the tetracycline class antibiotics that are recognized to have MMP inhibitory activity distinct from their antimicrobial property (Golub et al., 1998) . Specifically, doxycycline has been shown to interact with structural ions of MMPs, including Ca 2 þ and Zn 2 þ (Garcia et al., 2005) . GM6001 is a hydroxamic acidbased MMP inhibitor designed to act as a bidentate ligand for the catalytic Zn 2 þ in the active site (Galardy et al., 1994) .
Spontaneous loss of contractile tone in aortic rings
Untreated rats were killed by sodium pentobarbital overdose (100 mg kg À1 , i.p.). Aortae were rapidly excised and connective tissue was trimmed away in gassed (95% O 2 -5% CO 2 ) Krebs buffer (118 mM NaCl, 4.75 mM KCl, 1.19 mM KH 2 PO 4 , 1.19 mM MgSO 4 Á 7 H 2 O, 2.5 mM CaCl 2 Á 2 H 2 O, 11.1 mM D-glucose, 25 mM NaHCO 3 ) bubbled with carbogen at room temperature. One to three aortic rings (5 mm in length) were dissected from each animal. If more than one ring was prepared from one rat, the individual rings were used in different experimental groups. The rings were then mounted in organ baths filled with Krebs buffer at 371C which was continuously bubbled with 95% O 2 -5% CO 2 . Isometric tension was measured using force transducers (Grass FT03) and recorded using AcqKnowledge 3.1 Software. A tension of 1 g was applied and the rings were equilibrated for 60 min with fresh Krebs buffer added at intervals of 20 min. Following equilibration, rings were contracted with phenylephrine (750 nM, Sigma). At the plateau of contraction one of the following was added: polymyxin B (10 mg ml À1 , Sigma), a drug which binds and inactivates LPS (Danner et al., 1989) , or the MMP inhibitors doxycycline (30 mM), GM6001 (10 or 30 mM), or their vehicles (doxycycline: ddH 2 O, GM6001: 0.1% ethanol in ddH 2 O). Vascular tone was then monitored for another 4.5 h. This model has been previously used as a model of vascular hyporeactivity caused by the presence of ambient levels of LPS in experimental environments in which LPS is not controlled (Rees et al., 1990) . 
IL-1b-induced vascular dysfunction
Two models of IL-1b-induced vascular dysfunction were used. In the first, aortae were isolated and contracted with phenylephrine (750 mM) as above in the organ bath. At the plateau of contraction IL-1b (10 ng ml À1 , R&D Systems, Minneapolis, USA) was added in the presence of either doxycycline (30 or 100 mM) or its vehicle (ddH 2 O). Vascular tone was then monitored for 6 h and the final tension was reported.
In the second model, aortae isolated as above were washed three times in sterile phosphate-buffered saline (supplemented with an antibiotic cocktail: 100 mg ml À1 streptomycin, 100 U ml À1 penicillin, 5 mg ml À1 gentamicin, Sigma) and then dissected under a tissue culture hood. Rings were cut (5 mm in length) and then washed three times in phosphatebuffered saline before a final wash in Dulbecco's modified Eagle's medium (with 1000 mg l À1 glucose, pyroxidine HCl, NaHCO 3 ; supplemented with antibiotic cocktail, Sigma). Rings were then placed in fresh cell culture medium with one or more of the following added: IL-1b (10 ng ml À1 , R&D Systems), GM6001 (10 or 30 mM), or GM6001 vehicle (100% ethanol). Rings were then incubated at 371C in a humidified atmosphere containing 5% CO 2 . After 6 h the rings were removed from the medium and mounted in organ baths as described above. The medium was sampled for MMP activity by zymography (see below). Following equilibration (60 min) under 1 g of tension, a concentration-response curve to phenylephrine was obtained. Rings were then washed and the maximum contractile response to KCl (75 mM) was determined.
Rat endotoxaemia
Rats were given either a non-lethal dose of LPS (Salmonella typhosa, Sigma, 4 mg kg À1 i.p.) or pyrogen-free water (control). Rats were then killed with a sodium pentobarbital overdose (100 mg kg À1 , i.p.) at 6 h. Previous investigations have revealed that in this model of endotoxaemia, nitric oxide production is increased by this time point and that cardiovascular function is significantly depressed (Schulz et al., 1992; Lalu et al., 2003 Lalu et al., , 2004 .
In both sets of rats a blood sample was drawn from the chest cavity immediately upon sacrifice. The plasma fraction was obtained following centrifugation (6500 g for 5 min at 41C) and stored at À201C for later determination of plasma nitrite and nitrate levels. Aortae were rapidly excised and connective tissue was trimmed away in carbogen-gassed Krebs buffer. The dissected aortae were blotted to remove excess water and then rapidly frozen in liquid nitrogen and stored at À801C for later processing.
Assessment of vascular function of aortae taken from endotoxemic rats As described above rats were given either a non-lethal dose of LPS or pyrogen-free water and then killed by sodium pentobarbital overdose (100 mg kg À1 , i.p.) at 6 h. Aortae were isolated from either LPS-or vehicle-treated rats as above, and two 5 mm rings from each animal were mounted in organ baths. Following equilibration and washes with Krebs buffer (60 min) while under 1 g of tension, a concentrationresponse curve to phenylephrine was obtained in order to confirm that vessels from LPS-treated animals were hypocontractile compared to vessels from control animals. Vessels were then washed and incubated with either doxycycline (100 mM) or ddH 2 O vehicle for 10 min. Following incubation, all vessels were subject to a second concentration response curve to phenylephrine. Vessels were then washed and maximal contractile response to KCl (75 mM) was determined.
Determination of plasma nitrate/nitrite levels Plasma was diluted 1:1 with deionized water and then deproteinized by centrifugal ultrafiltration (Ultrafree-MC microcentrifuge tubes UFC3, Millipore, Mississauga, Canada). Ultrafiltrates were analyzed for total nitrate and nitrite content according to the method of Green et al. (1982) .
Preparation of aorta homogenates
Frozen aortae were crushed using a mortar and pestle that was cooled to dry ice temperature. The resulting powder was diluted 1:4 w/v in 50 mM Tris-HCl (pH 7.4) buffer containing 3.1 mM sucrose, 1 mM dithiothreitol, 10 mg ml À1 leupeptin, 10 mg ml À1 soybean trypsin inhibitor, 2 mg ml À1 aprotinin and 0.1% Triton X-100. This solution was then homogenized by hand on ice using a microcentrifuge tube pestle. The homogenate was centrifuged at 10 000 g for 5 min at 41C and the supernatant was kept on ice for immediate assay of MMP activities.
Determination of protein content
Aortic homogenate protein content was determined by the bicinchoninic acid method (Sigma) using bovine serum albumin as a standard.
Gelatinase and collagenase assays
In order to measure the net activity of gelatinases (MMP-2 and MMP-9), aortic homogenate (100 mg of protein) was analyzed using a gelatinase assay kit (E-12055, Molecular Probes, Burlington, Canada). Nonactivated samples were incubated at room temperature in the presence of DQ gelatin fluorescein conjugate. Digestion of this product yields fluorescent peptides that are detectable using a fluorometer (l ex 495 nm, l em 515 nm). The MMP inhibitor o-phenanthroline (100 mM) was added to duplicate samples in order to determine MMP-related gelatinase activity. Pretreament of aortic homogenate from a control rat with p-aminophenylmercuric acetate, a synthetic chemical activator of metalloproteinases, increased gelatinolytic activity approximately 10-fold.
In order to measure the activities of collagenases (MMP-1, -8, and -13), aortic homogenates (50 mg of protein) were analyzed using an MMP collagenase assay kit (ECM710, Chemicon) according to the manufacturer's instructions. The samples, however, were not chemically treated to activate latent collagenase activity. Biotinylated collagen was digested by collagenase activity in the samples at 371C. The biotinylated fragments were then transferred to a biotin binding 96 well plate and detected with a streptavidinenzyme complex. In order to control for baseline collagen degradation a series of wells were loaded with only biotinylated collagen and no sample. Addition of a colorimetric substrate produced a colored reaction product which was detectable at 450 nm. Addition of 10 mM GM6001 abolished all collagenase activity.
Measurement of MMP activity by zymography
Gelatinolytic activities of MMPs were examined by gelatin zymography as previously described (Heussen and Dowdle, 1980; Cheung et al., 2000) . 8% polyacrylamide gels copolymerized with gelatin (2 mg ml À1 , type A from porcine skin, Sigma) were prepared. Nonheated samples were diluted with ddH 2 O in order to load a constant amount of protein per lane (10 mg of protein from aorta incubation media, 20 mg of protein from aorta homogenate). A standard was loaded into one lane of each gel (supernatant of phorbol ester activated HT-1080 cells, American Type Culture Collection) as an internal standard used to normalize activities between gels. Following 1.5 h of electrophoresis, the gels were washed with 2.5% Triton X-100 for 1 h at room temperature (with three changes of solution) to remove sodium dodecyl sulphate. Gels were then incubated for 20-30 h at 371C in incubation buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl 2 , and 0.05% NaN 3 ). After incubation the gels were stained with 0.05% Coomassie Brilliant Blue (G-250, Sigma) in a mixture of methanol:acetic acid:water (2.5:1:6.5, v/v) and destained in aqueous 4% methanol:8% acetic acid (v/v). Gelatinolytic activities were detected as transparent bands against the dark blue background. Zymograms were digitally scanned and band intensities were quantified using SigmaGel software (Jandel Corporation, Chicago, USA) and expressed as a ratio to the internal standard. In order to confirm that quantified gelatinolytic activities were of MMP origin, addition of either o-phenanthroline (100 mM) or GM6001 (10 mM) to incubation buffer was found to abolish all gelatinolytic activities.
Immuoblot analysis
Aorta homogenate (10-20 mg protein) was loaded onto 12% polyacrylamide gels, electrophoresed under reducing conditions, and then electroblotted onto polyvinyllidene difluoride membranes (BioRad, Hercules, USA). Positive standards and/or molecular weight standards were also loaded into gels in order to confirm the identity of proteins to be probed. Samples were probed with either: a mouse anti-human MMP-2 antibody (1:1000 dilution, MAB3308, Chemicon), a rabbit anti-rat MMP-9 antibody which detects the 92 kDa form of this protein (1:4000 dilution, courtesy of Dr Mieczyslaw Wozniak, Medical University, Wroclaw, Poland), a mouse anti-human TIMP-1 antibody (2 mg ml À1 , MS-608, NeoMarkers, Fremont, USA), a rabbit anti-human TIMP-2 antibody (10 mg ml À1 dilution, RB-1489, NeoMarkers), a mouse antihuman TIMP-3 (1 mg ml À1 , 136-13H4, Calbiochem) or a rabbit anti-human TIMP-4 antibody (0.2 mg ml À1 , AB19087, Chemicon). All blots were subsequently probed with appro-priate horseradish peroxidase conjugated antibodies (either anti-mouse or anti-rabbit, Transduction Laboratories, San Jose, USA) and visualized using the horseradish peroxidaseluminol chemiluminesence reaction kit (Amersham Pharmacia Biotech, Piscataway, USA). As a negative control blots were probed with appropriate non-immune IgGs before incubation with secondary antibodies.
Statistical analysis
Results are expressed as the mean7standard error of the mean (s.e.m.) for n animals. The results were analyzed by using Statistical Package for the Social Sciences. Independent samples t-test, repeated measures two-way ANOVA, or oneway ANOVA followed by Fisher's least significant difference test were used as indicated to evaluate differences between groups. Differences were considered significant at Po0.05.
Results

MMP inhibition ameliorates spontaneous loss of phenylephrineinduced vascular tone
In order to assess whether MMP inhibition affects LPSmediated vascular dysfunction, aortae from normal rats were mounted in organ baths, contracted with phenylephrine, and their tone was then monitored to a total time of 6 h. At the end of the observation period a spontaneous and significant loss of vascular tone was noted in these contracted vessels (to 5874% of original phenylephrineinduced tone (Figure 2a) ). This spontaneous loss of tone has previously been demonstrated to be due to ambient levels of LPS (Rees et al., 1990) . This was confirmed in our experimental conditions by abolishing the spontaneous loss of tone with polymyxin B (10 mg ml À1 ), a drug that binds and inactivates LPS (Figure 2a ). In order to evaluate the role of MMPs in this spontaneous loss of contractile tone, two pharmacologically distinct MMP inhibitors were tested. Doxycycline (30 mM) or GM6001 (10 mM) abolished the spontaneous loss in vascular tone (Figure 2b and c) .
MMP inhibition protects IL-1b-mediated vascular hyporeactivity
The above experiments demonstrate that MMP inhibition could improve LPS-mediated relaxation, however, it is unclear whether the beneficial effects of MMP inhibition were upstream or downstream of cytokine processing. This is a significant issue since MMPs are known to process cytokine precursors. In order to determine whether MMP inhibition could protect against vascular dysfunction downstream of its possible effects on cytokine processing, we incubated aortae with IL-1b. In the first set of experiments, aortae from normal rats were mounted in organ baths and contracted with phenylephrine. At the plateau of contraction IL-1b (10 ng ml À1 ) was added and vessel tone was then monitored for 6 h. IL-1b at this concentration produced a greater spontaneous loss of tone compared to ambient levels of LPS (vessels relaxed to 1670.2% of original phenylephrineinduced tone, Figure 3a) . Doxycycline significantly inhibited this IL-1b-induced loss of tone in a concentration-dependent manner (Figure 3a) .
The effect of GM6001 on IL-1b-induced hyporeactivity was tested in a separate group of experiments that also facilitated measurement of MMP activity. Fresh aortae were incubated at 371C with IL-1b (10 ng ml À1 ) under sterile conditions in culture medium for 6 h. IL-1b treatment significantly increased MMP-2 activity in the aorta incubation media compared to vehicle-treated rings (Po0.05, Figure 3b ). IL-1b decreased the contractile response to increasing concentrations of phenylephrine, relative to control vessels that were incubated without the cytokine (Po0.05, Figure 3c ). The addition of 10 or 30 mM GM6001 to the cell culture medium significantly protected the vessels from cytokine-mediated dysfunction in a concentration-dependent manner (Po0.05, Figure 3c ). GM6001 had no effect on the contractile response of control vessels, nor did the drug vehicle have any effect on IL-1b-treated vessels (data not shown).
The maximum response to KCl (75 mM), a vasoconstrictor that acts by electromechanical coupling and not via plasmalemmal membrane receptors, was also significantly decreased with IL-1b treatment (Po0.05, Figure 3d ). The addition of 10 mM or 30 mM GM6001 restored vascular reactivity to levels not significantly different from control vessels.
LPS administration in vivo causes overt signs of endotoxaemia Overt symptoms of endotoxaemia were apparent in rats 6 h following LPS administration. These included lethargic behavior, piloerection and porphyrin secretion from the eyes. Plasma nitrate/nitrite, measured as a marker of NO biosynthesis, was significantly elevated at this time point relative to vehicle-treated (control) rats (330737 mM vs 3274 mM, respectively, n ¼ 10 per group, Po0.05).
Aortic gelatinolytic activity is increased following LPS administration in vivo At 6 h after LPS administration, net gelatinolytic activity in excised aortae was significantly increased relative to aortae from control rats (Po0.05, Figure 4a ). Collagenolytic activity was also measured since gelatin is susceptible to cleavage by collagenases (MMP-1, -8, -13). Net collagenolytic activity in the aortae, however, was not increased relative to control rats (Figure 4b ).
Zymographic analysis of control aortic tissue (Figure 5a ) revealed robust 72 kDa MMP-2 activity, as well as minor 75 and 64 kDa MMP-2 activities. The rank order of MMP-2 activities was 72475464 kDa. The 72 and 64 kDa bands corresponded to MMP-2 by comparison to the standard, and the 75 kDa band corresponded to a rodent-specific glycosylated form of proMMP-2 (Sang et al., 1990) . The 72 kDa MMP-2 activity was not significantly changed following LPS treatment (Figure 5a ). In contrast, however, 72 kDa MMP-2 protein content was significantly decreased following LPS (Po0.05, Figure 4b ).
In aortae from control rats, gelatinolytic activity of molecular weight higher than 75 kDa (the region for MMP-9) was not detectable. However, when zymographic gels were incubated for a longer period of time, 92 kDa MMP-9 activity could be detected in aortae from LPS-treated rats only (Po0.05, Figure 5b ). Interestingly, immunoblot analysis revealed that 92 kDa MMP-9 protein content was not significantly different between control and LPS-treated rats (Figure 5b ). As a negative control for all immunoblots, no bands were detected when blots were probed with appropriate non-immune IgG.
LPS administration in vivo affects TIMP-1 and TIMP-4 protein content
Immunoblot analysis was performed to assess aortic TIMP-1, -2, -3, and -4 content. TIMP-1 protein was found to be increased almost threefold in aorta from LPS-treated rats relative to control rats (Po0.05, Figure 6a ). In contrast, TIMP-4 was significantly decreased (Po0.05, Figure 6c ). Both glycosylated and non-glycosylated forms of TIMP-2 could be detected, however, they were unchanged in aortae from LPStreated rats (Figure 6b ). TIMP-3 could not be detected (data not shown).
Inhibition of MMPs ex vivo protects against in vivo LPS-induced hyporeactivity
We investigated the ability of MMP inhibition to acutely reverse vascular hyporeactivity following in vivo LPS administration (6 h). Two aortic rings were mounted in organ baths Figure 3 (a) Response of aortic rings taken from normal rats to an IL-1b (10 ng ml À1 ) spontaneous loss of PE-induced tone. Rings were treated with either doxycycline (30 or 100 mM) or ddH 2 O vehicle (*Po0.05 vs IL-1b, one-way ANOVA, n ¼ 3 rings taken from distinct animals/group). (b) A representative zymogram of MMP-2 activity in incubation media of aortic rings taken from normal rats and incubated for 6 h at 371C in the presence or absence of IL-1b (10 ng ml À1 ) (*Po0.05, independent samples t-test, n ¼ 6 rings taken from distinct animals/group). (c) Left: contractile response of aortic rings taken from normal rats and incubated for 6 h at 371C in the presence or absence of IL-1b (10 ng ml À1 )7GM6001 (10 or 30 mM) and then placed in organ baths and exposed to increasing concentrations of PE. Right: summary data of maximal contractile response to PE (*Po0.05 vs Control, one-way ANOVA followed by Fisher's LSD test, n ¼ 8-13 aortic rings taken from distinct animals/group). (d) Contractile response of aortic rings as prepared in (b) to 75 mM KCl (*Po0.05 vs Control, one-way ANOVA followed by Fisher's LSD test, n ¼ 8-13 aortic rings taken from distinct animals/group).
from each LPS-treated or control rat. Half of the rings were incubated ex vivo with doxycycline (100 mM, 10 min), and the other half were treated with ddH 2 O vehicle. Incubation with doxycycline did not affect baseline resting tension in any vessels. Vessels from LPS-treated rats were significantly hypocontractile compared to vessels from control animals (Figure 7) . Doxycycline significantly improved contractile responses to phenylephrine (Po0.05 Figure 7a ). Ex vivo doxycycline was able to improve the diminished contractile response to KCl in aortae isolated from LPS-treated animals (data not shown). Doxycycline did not significantly change the contractile response of vessels from control animals to either phenylephrine or KCl.
Discussion
We studied the effect of MMP inhibition on LPS-and IL-1bmediated vascular dysfunction in vitro, as well as the regulation of vascular MMP and TIMPs during endotoxemia, an in vivo model of acute inflammation. Both the LPSmediated spontaneous loss of contractile tone and IL-1bmediated vascular hyporeactivity were ameliorated by inhibition of MMP activity. During endotoxaemia in rats, both MMP-2 and MMP-9 were detected while net gelatinolytic activity in the aorta was increased. Aortic TIMP-1 was increased, TIMP-4 was decreased, and TIMP-2 remained unchanged in aortae taken from LPS-treated rats. MMP inhibition improved vascular dysfunction in aortae taken from LPS-treated rats. This is the first study to demonstrate that MMP inhibition ameliorates inflammatory vascular dysfunction, and that vascular MMPs and TIMPs are acutely regulated in vivo by severe inflammatory stress.
Ambient levels of LPS, under standard laboratory conditions, were sufficient to cause a spontaneous and slowly developing relaxation in phenylephrine-contracted rat aortae incubated for up to 6 h in organ baths. The ability of polymyxin B, a known chelator of LPS (Danner et al., 1989) , to prevent this hyporeactivity suggests that the loss of tone was mediated by ambient LPS under our experimental conditions (Rees et al., 1990) . We showed that doxycycline also prevents this loss of tone. Doxycycline is a tetracycline class antibiotic that exhibits MMP inhibitory activity independent of its antibacterial effects (Golub et al., 1998) . The chemically distinct MMP inhibitor GM6001, which is devoid of antibacterial action, also prevented the LPSmediated spontaneous loss of contractile tone. Interestingly, previous work demonstrated that this hypocontractility is related to enhanced inducible NO synthase activity (Rees et al., 1990; Gui et al., 2000) . Enhanced NO production under inflammatory conditions leads to increased peroxynitrite biosynthesis (Szabo et al., 1995) and cytokine production in the aortic wall, both of which are known to increase MMP activity and decrease TIMPs (Galis et al., 1994; Frears et al., 1996; Rajagopalan et al., 1996; Okamoto et al., 2001) . Thus, it is possible that MMPs are downstream mediators of the well characterized increase in endogenous oxidative stress in this model.
Incubating blood vessels ex vivo with IL-1b is another wellestablished model of vascular hyporeactivity to vasoconstrictor agonists (French et al., 1991; Gui et al., 2000) . This model was used to test whether MMP inhibitors were protective independent of their ability to block proteolytic cleavage of cytokine precursors. This is particularly important since MMP-2 is known to cleave and activate the IL-1b precursor (Schonbeck et al., 1998) . IL-1b is thought to be a principal player in the cardiovascular dysfunction associated with endotoxaemia since its administration causes marked hypotension in rabbits (Okusawa et al., 1988) . Moreover, IL-1b receptor antagonists reduce cardiovascular dysfunction and mortality in models of sepsis (Ohlsson et al., 1990; Fisher et al., 1994) . In the present investigation, treatment with IL-1b produced a time-dependent spontaneous loss of phenylephrine-induced tone. This loss of tone was more pronounced than the loss of tone produced by ambient LPS, suggesting that IL-1b at the concentration used was a more efficacious stimulus for vascular dysfunction than ambient LPS alone. Doxycycline could significantly diminish IL-1b mediated loss of tone in a concentration dependent manner. Incubating aortae with IL-1b in cell culture conditions stimulated an increase in MMP-2 activity released from the isolated vessels, and MMP inhibition with GM6001 significantly improved the contractile response to both phenylephrine and KCl in treated vessels. These results suggest that part of the IL-1b-mediated response is dependent on MMP activity and that MMP inhibitors work downstream of cytokine processing in these models of vascular dysfunction. As well, GM6001's ability to improve vascular reactivity to both phenylephrine and KCl suggests that it acts at a point downstream of where both receptor and nonreceptor dependent contractile pathways converge.
A well-established model of endotoxaemia was used to assess whether MMP and TIMPs are regulated acutely in vivo during severe inflammatory stress. Previously, we demonstrated that significant cardiovascular dysfunction occurs six hours post LPS administration in the rat. This dysfunction is characterized by hypotension and severe depression of cardiac mechanical function (Khadour et al., 2002; Lalu et al., 2003; Lalu et al., 2004) . Here, we demonstrated that severe vascular hyporeactivity also occurs 6 h post-LPS administration. At this time point nitric oxide, superoxide anion, markers of circulating and cardiac peroxynitrite production, and proinflammatory cytokines are all significantly in-creased 6 h following LPS administration (Szabo et al., 1995; Khadour et al., 2002) . Alterations of in vivo MMP activity were anticipated since MMPs and TIMPs are regulated by proinflammatory cytokines and peroxynitrite. Net gelatinolytic activity increased in aortae taken from LPStreated animals. MMP-2 and -9 are largely responsible for gelatinolytic activity, however, the collagenases are also recognized to cleave gelatin in vitro. In order to determine if collagenases were contributing to the increase in net gelatinolytic activity, we also measured collagenolytic activity. The lack of increase in collagenolytic activity suggested that the measurable gelatinolytic activity was due to MMP-2 and -9 and not collagenases.
Increased aortic MMP-9 activity following LPS administration adds to mounting evidence implicating this MMP in in vivo models of endotoxaemia and septic shock. We Right panels show representative immunoblots taken from aortae from two control rats (Con) and two LPS-treated rats (LPS). TIMP-3 was not detectable (data not shown). Position of molecular weight markers is depicted on the left (*Po0.05, independent samples t-test, n ¼ 12-13 rats/group for TIMP-1 and TIMP-4, n ¼ 6 rats/group for TIMP-2). previously demonstrated that circulating 92 kDa MMP-9 activity correlated inversely with mean arterial blood pressure in endotoxemic rats (Lalu et al., 2004) . As well, in vivo administration of MMP inhibitors (doxycycline or Ro 31-9790) significantly decreased 92 kDa MMP-9 activity and improved cardiac mechanical dysfunction in the hearts from endotoxemic rats (Lalu et al., 2003) . Opdenakker and coworkers have demonstrated that both MMP inhibition and MMP-9 gene deletion significantly protect mice against lethal doses of LPS (Dubois et al., 2002; Hu et al., 2005) . A significant increase in circulating MMP-9 activity was also noted in human volunteers administered LPS (Albert et al., 2003) . Finally, in septic shock patients, plasma MMP-9 protein correlated with circulating LPS concentration and was significantly higher in non-survivors than survivors (Nakamura et al., 1998) .
A dysregulation of aortic TIMPs was also seen following LPS administration in vivo. Interestingly, TIMP-4 content was significantly decreased. These observations are similar to the acute loss of TIMP-4 seen in isolated perfused rat hearts following proinflammatory cytokine-mediated cardiac dysfunction or in acute ischemia-reperfusion injury (Schulze et al., 2003) . The increase in aortic TIMP-1 was not unexpected since it is regarded as an inducible TIMP (Brew et al., 2000) . However, it should be noted that the ability of TIMP-1 to inhibit MMP activity may be diminished under conditions of enhanced oxidative stress characterized by increased peroxynitrite biosynthesis (Frears et al., 1996) . Thus, even though TIMP-1 protein content was elevated, its net inhibitory effect may not have likewise increased.
The apparent discordance between protein levels (as measured by immunoblot) and activity (as measured by zymography) of both 72 kDa MMP-2 and 92 kDa MMP-9 was an interesting finding. This discordance might be attributable to peroxynitrite-induced activation of these enzymes (Okamoto et al., 2001) . Peroxynitrite disrupts the MMP propeptide domain 'cysteine switch' by S-glutathiolation of a critical cysteine residue in this domain, causing a conformational change resulting in an activated 'proenzyme' (Rajagopalan et al., 1996; Okamoto et al., 2001) . Thus, increased aortic peroxynitrite biosynthesis during endotoxaemia (Szabo et al., 1995) may have activated both the 72 kDa MMP-2 and the 92 kDa MMP-9 without loss of the propeptide. With such activation, an increase in MMP-9 activity could be detected in zymography despite unchanged protein content. Likewise, such activation could allow MMP-2 activity to appear equal between LPS and control aortae, despite a loss in MMP-2 protein content in the LPS aortae. Other explanations also exist for the observed discordance between zymography and immunoblot, such as possible epitope modification by peroxynitrite or protease activity.
Our study also addressed the functional significance of vascular hyporeactivity following in vivo LPS-mediated MMP-TIMP dysregulation. In vivo LPS administration produces a much more complex inflammatory stimuli than the ex vivo models used in this study. At 6 h after in vivo LPS administration, we found that ex vivo vascular reactivity was significantly impaired. Doxycycline significantly improved the vascular reactivity to phenylephrine. This improvement in contractility was elicited by an acute in vitro incubation with doxycycline (10 min) after the vascular dysfunction was already established. These results raise the possibility that MMP inhibition may be beneficial under in vivo conditions of inflammatory stress (e.g. sepsis) when blood pressure has fallen due to vascular hyporeactivty.
Overall, our results raise several interesting new questions. For instance, the specific target(s) of MMPs in these models of vascular hyporeactivity is unknown. A recent investigation by Chew et al. (2004) suggests that MMPs may interfere with Ca 2 þ entry. The addition of MMP-2 or MMP-9 to aortic strips isolated from normal rats blunted responses to phenylephrine and KCl, and at the same time interfered with entry of radiolabelled extracellular Ca 2 þ . Whether this mechanism contributes to inflammation-associated hyporeactivity to vasoconstrictors remains to be determined.
Some possible limitations to these experiments should be considered. First is the use of micromolar amounts of GM6001, a concentration higher than the reported K i of this drug when tested against isolated MMP-2 and MMP-9 proteins under cell-free conditions. Such micromolar concentrations are necessary to produce biological effects in intact cells and tissues (Hao et al., 2004; Haug et al., 2004) . Thus, it is likely that higher concentrations of MMP inhibitors are required to produce their effects in a complex biological milieu. It should also be noted that, in cell culture models IL-1b is recognized to stimulate a variety of MMPs in vascular smooth muscle cells (Gurjar et al., 2001; Galis and Khatri, 2002) and endothelial cells (Rajavashisth et al., 1999) . Thus, part of the protective effect of GM6001 could be explained by an inhibition of a variety of MMPs.
In summary, MMPs and TIMPs are acutely regulated in the vasculature during LPS-or IL-1b-mediated vascular hyporeactivity. MMP inhibitors are effective in preventing this vascular dysfunction. In vivo, acute endotoxaemia produces vascular dysfunction that is associated with an imbalance between MMPs and TIMPs. This vascular dysfunction was significantly ameliorated after incubation with an inhibitor of MMPs. These data suggest that MMPs play a role in acute inflammatory vascular dysfunction associated with conditions such as endotoxaemia.
